Coordination of stem cell activity with inflammatory responses is critical for regeneration and homeostasis of barrier epithelia. The temporal sequence of cell interactions during injury-induced regeneration is only beginning to be understood. Here we show that intestinal stem cells (ISCs) are regulated by macrophage-like haemocytes during the early phase of regenerative responses of the Drosophila intestinal epithelium. On tissue damage, haemocytes are recruited to the intestine and secrete the BMP homologue DPP, inducing ISC proliferation by activating the type I receptor Saxophone and the Smad homologue SMOX. Activated ISCs then switch their response to DPP by inducing expression of Thickveins, a second type I receptor that has previously been shown to re-establish ISC quiescence by activating MAD. The interaction between haemocytes and ISCs promotes infection resistance, but also contributes to the development of intestinal dysplasia in ageing flies. We propose that similar interactions influence pathologies such as inflammatory bowel disease and colorectal cancer in humans.
The intestinal epithelium constitutes a regenerative, permeable barrier that interacts with commensal and pathogenic microbes and responds to environmental toxins and to physical stress while allowing selective nutrient resorption [1] [2] [3] [4] . To maintain homeostasis, it is critical that regenerative activity is precisely coordinated with innate immune responses. How this coordination is achieved, however, remains unclear. The Drosophila intestinal epithelium is a powerful model to study epithelial immunity, damage responses and regeneration 5 . It mounts innate immune responses to control commensal and pathogenic microorganisms and is regenerated by a population of ISCs that give rise to both enterocytes (ECs) and enteroendocrine cells 2, [5] [6] [7] [8] . ISCs exhibit strong proliferative plasticity in the wake of damaging environmental challenges 5, 9 . Regenerative responses are controlled by local and paracrine signals, derived either from damaged ECs or from the surrounding visceral muscle, that activate a host of pro-proliferative signalling pathways in ISCs (refs 5,9) . EC-derived interleukin 6-like cytokines called Unpaireds (UPD1-3) promote ISC proliferation either directly by activating JAK/STAT signalling in ISCs, or indirectly by inducing expression of EGF Receptor (EGFR) ligands, such as vein, in the visceral muscle, which then activate EGFR signalling in ISCs (refs 9-16) . Proliferative activity of ISCs is further controlled by Wingless signalling, Jun-N-terminal Kinase, and insulin signalling, among other signals 2, 9, 17 . The BMP homologue Decapentaplegic (DPP) plays recurrent and complex roles in the regulation of ISCs (refs 18-22) . Under homeostatic conditions, DPP signalling is required for the differentiation of acid-secreting Copper cells in the middle midgut region 18, 20 , and in response to tissue damage, DPP secreted from visceral muscle engages the type I receptor Thickveins (TKV) and the Drosophila Smad protein MAD to promote ISC return to quiescence 20 . In contrast, a second BMP type I receptor, Saxophone (SAX), is required to induce proliferation 21 . The relationship between TKV and SAX-mediated regulation of ISC proliferation remains unclear, as does the relevant source of DPP (refs 19-22) .
Work in vertebrates has implicated immune cells in the induction of mitotic activity and regeneration in intestinal epithelia [23] [24] [25] . In Drosophila, macrophage-like haemocytes constitute a major population of blood cells 26 that mediate infection responses and tissue repair 27 , yet if and how these cells influence regeneration in the intestinal epithelium has not been addressed.
Here, we identify a role for DPP derived from gut-associated haemocytes in the regulation of ISC proliferation. We find that DPP secreted from these haemocytes induces ISC proliferation through SAX-mediated activation of Smad on X (SMOX) in the initial response to Erwinia carotovora carotovora 15 (Ecc15; ref. 13 ). In the later phase of the regenerative response, ISCs express TKV, diverting the DPP signal from SAX/SMOX to MAD, restoring ISC quiescence. Differential expression of SAX and TKV thus allows selective responses of ISCs to DPP at different time points during a regenerative episode. The regulation of ISC proliferation by haemocyte-derived DPP is critical for host survival during acute intestinal infection, but it also contributes to the development of intestinal dysplasia and the loss of intestinal barrier function in ageing flies. Our findings have important implications for our understanding of regenerative processes in barrier epithelia.
RESULTS

Gut-associated haemocytes are required to induce ISC proliferation
To examine whether intestinal regeneration in flies is influenced by haemocytes, we expressed pro-apoptotic genes (head involution defective, hid, or reaper, rpr) in developing haemocytes at mid-larval stages, using Gal4 driven by the Hml promoter ( Supplementary  Fig. 1A,B) . Hml is active in larval and adult haemocytes 28 and in motile extra-epithelial phagocytic cells in the proventriculus and the hindgut 29 , but is not expressed in the intestinal epithelium ( Supplementary Fig. 1C ) or other adult tissues ( Supplementary  Fig. 1D ,E). The resulting 'haemoless' flies emerge as widely normal adults and are viable and reproductively competent, but are sensitive to systemic infection 28 ( Supplementary Fig. 1B ,F). At young ages, the size, structure and cellular composition of the intestinal epithelium of these animals are indistinguishable from wild-type ( Supplementary  Fig. 1G ,H). However, the mitotic response of ISCs to acute intestinal damage by oxidative stress (induced by Paraquat) or infection (by the enteropathogens Ecc15 (refs 13, 15) or Pseudomonas entomophila Supplementary Fig. 1I ). The same effect is observed when haemocytes are ablated specifically in adults (Supplementary Fig. 2A ).
We examined whether haemocytes interact with the intestinal epithelium, and found haemocytes in the abdominal cavity concentrated in large unstructured aggregates, located within the folds of the midgut (Fig. 1d ,e,i). Occasionally, individual haemocytes are also seen attached to the intestinal epithelium (Fig. 1f,g ). Gutassociated immune cells express various haemocyte-specific markers such as EATER and Nimrod (NIMC1), which identify plasmatocytes, phagocytic cells with similarity to mammalian monocytes and macrophages 30, 31 ( Fig. 1f ). These cells are closely associated with the intestinal basement membrane (visualized using the basement membrane-specific type IV collagen encoded by Viking 11, 32 ; Fig. 1g,h ). On oral infection with PE or Ecc15, haemocytes (expressing GFP under the control of the Hml (ref. 33) or DsRed under the control of the eater promoter 30 ) are increasingly found attached to the visceral muscle surrounding the intestinal epithelium throughout the midgut ( Supplementary Fig. 2B ). This increased association of haemocytes with the gut is transient, as 24 h after an infection the number of haemocytes attached to the intestine declines (Fig. 2e) . We used mosaic analysis with a repressible cell marker 34 (MARCM) to examine whether the increased numbers of gut-associated haemocytes result from a proliferative response of haemocytes, but did not find any eater::DsRed+ haemocytes that expressed GFP (as would be expected if mitotic haemocytes or precursors would generate MARCM clones) in any tissue during or after Ecc15 challenge ( Supplementary  Fig. 2E,F) . Instead, single haemocytes isolated from haemolymph of Ecc15-challenged flies were bigger in size and more oval in shape than haemocytes from controls, suggesting that circulating haemocytes are activated and change their morphology during intestinal stress ( Supplementary Fig. 2D ).
Haemocyte-derived DPP is required for ISC proliferative response
As these data suggested that local or paracrine signals from haemocytes might modulate ISC function, we performed an RNA-mediated interference (RNAi) screen targeting putative secreted factors in haemocytes, and identified DPP as required in haemocytes to induce ISC proliferation on oxidative stress ( Fig. 3a and Supplementary Fig. 3A ) and pathogen exposure (Fig. 3b,c) . Knockdown of dpp in only adult haemocytes (using either a temperature-sensitive combination of Hml∆::Gal4 with tub::Gal80 ts , or an RU486-inducible system based on the same promoter, Hml∆::GS) was sufficient to limit ISC responses (Fig. 3a-c and Supplementary Fig. 3B ). Hml∆::GS recapitulates the expression profile of Hml∆::Gal4 in larvae and adults ( Supplementary Fig. 3F ). Knockdown of dpp was also sufficient to inhibit ISC responses to Ecc15 infection when driven by a separate haemocyte driver, He::Gal4 (ref. 35 ), but not when driven by either a hindgut driver (byn::Gal4) or a proventriculus driver (cardia::Gal4), confirming that the loss of ISC proliferation in Hml::Gal4, UAS::dpp RNAi flies is due to knockdown of DPP specifically in haemocytes and not due to unspecific knockdown in intestinal cells ( Supplementary Fig. 3C ). Accordingly, knockdown of dpp in ECs (NP1::Gal4), ISCs and enteroblasts (EBs) (esg ::Gal4), trachea (btl::Gal4), or visceral muscle (how::Gal4) did not impact ISC responses to Paraquat (Supplementary Fig. 3D ). The two dpp RNAi lines used in these analyses efficiently reduce dpp messenger RNA levels in haemocytes or visceral muscle when knocked down using Hml ::Gal4 or how::Gal4, respectively ( Supplementary Fig. 3E ).
We did not observe any differences in number and distribution of DPP-deficient haemocytes compared to wild-type flies ( Supplementary Fig. 3G ). Furthermore, haemocyte-derived DPPdeficient (HDD) flies are immune-competent to systemic PE infection and recruitment of haemocytes to the intestinal epithelium was still observed in HDD flies ( Supplementary Figs 1F and 3H) .
DPP is expressed in haemocytes of adult flies, is induced in response to infection, and can modulate the innate immune response 36 . Recapitulating these observations, we found that Paraquat exposure or Ecc15 infection induced dpp in haemocytes ( Supplementary Fig. 3I ,J). To assess whether haemocyte-derived DPP signals directly to ISCs, we monitored a DPP-GFP fusion protein 37 expressed specifically in haemocytes (using Hml ::GS and Hml ::Gal4). DPP-GFP secreted by gut-associated haemocytes is detected on the intestinal surface (Fig. 3d) . DPP-GFP (but not GFP when expressed alone from Hml ::Gal4) was also detected within the gut epithelium on diploid progenitor cell nests (basally located cells with strong Armadillo expression, representing doublets of ISCs and EBs; membrane, specifically close to DELTA+ cells in the intestinal epithelium, suggesting that haemocyte-secreted DPP can penetrate the visceral muscle layer to bind to ISCs ( Fig. 3f and Supplementary  Fig. 3K ).
Haemocyte-derived DPP maintains basal stem cell activity We investigated whether DPP from haemocytes might not only influence acute infection responses, but also modulate basal ISC activity. We used a split-lacZ reconstitution assay to label selected ISCs heritably 38 , and found that haemocyte-derived DPP is required for induction (clone numbers per gut) and growth (cells per clone) of ISC-derived cell clones (Fig. 3g ,h,j and Supplementary Fig. 3L ). We did not observe signs of apoptosis (using Apoliner 39 ) in flies that co-express dpp RNAi directly under the control of the Hml promoter (Hml ::dpp RNAi ), confirming that the reduced clone size in HDD flies is due to decreased ISC proliferation ( Supplementary Fig. 3M ).
Haemocyte transplantation rescues ISC proliferation in haemoless and HDD flies When wild-type or DPP-overexpressing haemocytes were transplanted into haemoless flies at 12 days of age, the proliferative response of ISCs to Paraquat treatment and Ecc15 infection, as well as clone growth recovered ( Fig. 3i,j; we used 12-day-old flies as donors, as we found that a substantial number of haemocytes could only be transferred when donor flies were older than 3 days, Supplementary Fig. 3N ; transplanted haemocytes associated with the intestine, Supplementary Fig. 3O ). Reduced ISC proliferation in haemoless or HDD flies is thus not caused by unspecific or unidentified defects, but by the lack of haemocyte-derived factors. Accordingly, transplantation of DPP-deficient haemocytes (from donors expressing dpp RNAi under the control of Hml ::Gal4) failed to rescue ISC proliferation in haemoless flies (Fig. 3i,j) .
Haemocyte-derived DPP acts in parallel to JAK/STAT and EGFR pathways
The positive role of haemocyte-derived DPP in regulating ISC proliferation is in contrast to the established inhibition of ISC proliferation by TKV and MAD 20, 22 . To explain this paradox, we sought to temporally resolve the response of ISCs to DPP signalling. ISCs respond to Ecc15 shows reduced clone number (g) and clone size (h) in haemoless and HDD animals. This defect in clone formation and reduced ISC proliferative response observed in haemoless flies following PQ treatment or Ecc15 infection is rescued on haemolymph transfer from wild-type flies (i) or from flies overexpressing DPP specifically in haemocytes, but not on transfer of dpp RNAi -expressing haemocytes (i,j), and the experimental timeline is shown in i and j . AHS: after heat shock. Error bars indicate s.e.m. (a-c: n = 10; g: n = 12; i (for PQ treatment): Mock: OreR, n = 17; none(PBS), n = 16; and PQ: OreR, n = 17; none(PBS), n = 36; UAS::dpp RNAi , n = 13; UAS::DPP, n = 16; i (for Ecc15 treatment): Mock and Ecc15: n = 10; j: n = 9 flies; sufficient sample sizes for pH3 analyses in fly gut 11, 13 ), P values from Student's t-test. Data shown in a-c, g and j are representative of 3 independently performed experiments, and those shown in i are a composite from 2 separate experiments. One representative image from 9 flies tested in a single experiment (repeated 3 times independently) is shown in d-f and h.
infection by an early burst of proliferative activity ('induction phase': 4 to 12 h post-infection) followed by a return to quiescence when the infection is resolved ('recovery phase': 16 to 24 h post-infection) 13 ( Fig. 4a) . Haemoless and HDD flies showed a significantly reduced proliferative response in the inductive phase (Fig. 4a) .
The activation of JAK/STAT and EGFR pathways in guts of infected haemoless and HDD flies is normal ( Supplementary Fig. 4A-C) , suggesting that DPP from haemocytes is required for ISC proliferation in parallel to the JAK/STAT/EGFR signal. Accordingly, knockdown of haemocyte-derived dpp also limits the induction of ISC proliferation by UPD2 overexpression in ECs ( Supplementary Fig. 4D ), and acute overexpression of DPP in haemocytes or in visceral muscle is not sufficient to induce ISC proliferation in the absence of injury (Supplementary Fig. 4E ) nor shows an additive effect on ISC activity on tissue damage (Fig. 3a,c) . Long-term DPP overexpression in haemocytes, however, increases proliferation of ISCs both in the anterior and posterior midgut (Supplementary Fig. 4F ). ISCs thus integrate signals from haemocyte-derived DPP and EC/muscle-derived UPD/VEIN ligands, and require inputs from all three pathways to achieve appropriate proliferative responses to damage. No differences in feeding were observed between wild-type, haemoless and HDD flies, with or without infection ( Supplementary Fig. 4G ,H).
Activation of DPP signalling in ISCs during inductive phase
To assess whether haemocyte-derived DPP would influence DPP signalling directly in ISCs, we used the DPP pathway activity reporter Dad::nlsGFP (ref. 40) . Under basal conditions, this reporter describes two opposing DPP signalling gradients in the posterior midgut 18 , with high activity in the distal borders to the gastric region and the hindgut (regions b and d in Fig. 4b ), and weak reporter activity in the central region 'c' (Fig. 4b) 
18
. Although haemocyte-derived DPP induces ISC proliferation throughout the anterior and posterior midgut (Supplementary Fig. 4F and Supplementary Fig. 5A ), we focused our further observations on region c of the posterior midgut because of the high concentration of haemocytes present (Fig. 1d ,e,h,i and Fig. 2b,d ) and the low levels of basal Dad::nlsGFP in this region (Fig. 4b) . During the inductive phase after challenge with Ecc15, Dad::nlsGFP activity increases in region c (in both diploid and polyploid cells, including DELTA-positive ISCs) in wild-type flies as early as 4 h after challenge (AC; Fig. 4c -e). This induction was absent in haemoless and HDD flies, and could be restored by haemolymph transfer from wild-type animals ( Fig. 4c-e) . Later induction of DPP signalling activity in this region (12-16 h AC), however, was not affected (Fig. 4c) , suggesting that secretion of DPP from the visceral muscle, which is observed at 24 h after challenge 20 ( Supplementary  Fig. 5B ), is not influenced by haemocytes.
Nuclear translocation of SMOX requires haemocyte-derived DPP
DPP signals through TKV to phosphorylate MAD 41 . Unexpectedly, MAD phosphorylation (pMAD) was not observed in ISCs in region c of wild-type flies at 4 h AC ( Supplementary Fig. 5C ), a stage where ISCs are mitotically active (Fig. 4a ), but was high in ISCs at 16 h AC, ruling out a role for MAD activity in the induction of proliferation, and suggesting that phosphorylation of MAD might be limited to the recovery period to promote return of ISCs to a quiescent state (consistent with ref. 20) . We therefore tested whether another MAD-like nuclear factor, SMOX (also known as dSMAD2; ref. 42) , may act to regulate the proliferative response of ISCs. A genomic rescue construct encoding a SMOX-FLAG fusion protein 43 shows high expression specifically in ISCs and EBs of the PM (Fig. 5a ). SMOX-FLAG is localized in the cytoplasm of these cells under homeostatic conditions, yet after 4 h of Ecc15 infection, nuclear translocation of SMOX is observed, and this translocation is dependent on haemocyte-derived DPP (Fig. 5a,b) . Consistent with these observations, knockdown of Smox in ISCs prevents induction of Dad::nlsGFP specifically in DELTA+ ISCs, but not in other cells, in region c of the PM at 4 h after Ecc15 challenge, indicating that Dad is a transcriptional target of SMOX in ISCs ( Supplementary Fig. 5E ).
Regulation of SMOX activity by haemocyte-derived DPP in ISCs thus precedes the increase in MAD phosphorylation during an infection, suggesting that SMOX may mediate the pro-proliferative effects of haemocyte-derived DPP. dActivin and Dawdle, TGFβ BMP family ligands that have been implicated in SMOX regulation in other contexts 44, 45 , are not likely to be required for SMOX activation in ISCs, because ubiquitous knockdown of these ligands does not inhibit infection-induced proliferation ( Supplementary Fig. 5D ).
TKV/MAD signalling antagonizes ISC activity induced on SAX/SMOX pathway stimulation
To gain insight into the selective activation of SMOX and MAD by DPP after an infection, we explored the role of individual type I receptors. SMOX is engaged by the type I receptor Saxophone, and we found indeed that SAX is required for SMOX nuclear translocation after Ecc15 treatment (Fig. 5a,b ). SAX can be activated both by DPP (ref. 46) and Glass Bottom Boat 47 (GBB). Consistent with recent reports, we detected a strong reduction in mitotic activity of ISCs at the 'inductive' phase of Ecc15 infection when gbb was knocked down specifically in ECs, but not in haemocytes, suggesting that both DPP and GBB are required for ISC proliferation. However, the functional source for these ligands is different: haemocytes for DPP and ECs for GBB (refs 21,22; Supplementary Fig. 6A ).
On binding to DPP, SAX plays a complex role in regulating MAD activity in conjunction with TKV (ref. 46) . To dissect the relative contributions of SAX/SMOX and TKV/MAD signalling in the control of ISC proliferation, we knocked down sax and SMOX, as well as TKV and MAD, specifically in ISCs, and triggered regeneration by exposure to bacteria. sax/SMOX knockdown prevented induction of proliferation, and TKV/MAD knockdown did not impact the inductive phase, but prevented recovery into quiescence (Fig. 5c ). These pathways do not seem to crosstalk in ISCs, as Tkv is required and sufficient to phosphorylate MAD in ISCs, and SAX is not ( Supplementary Fig. 6B,C) .
These results provided a model for the dual role of DPP in the regenerative response: initial engagement of SAX/SMOX signalling by haemocyte-derived DPP results in induction of ISC proliferation, and activation of TKV/MAD signalling by muscle-derived DPP (which is induced at later stages) directs recovery to the quiescent state (as previously described in ref. 20) . To test this model, we performed lineage tracing and epistasis analysis. We used MARCM (ref. 34 ) to trace lineages of ISCs mutant for various DPP signalling components: sax and Smox mutant ISCs generated smaller MARCM clones than wild-type controls ( Fig. 5d and Supplementary Fig. 6D ), confirming that the basal activity of SAX/SMOX signalling is required for normal ISC proliferation. Accordingly, loss of Smox in ISCs suppressed the growth of ISC tumours formed in Notch loss-offunction conditions 7, 8 ( Supplementary Fig. 6E ). tkv, Medea (Med, the Drosophila SMAD4) and Mad mutant MARCM clones, on the other hand, either grew bigger or were similar to wild-type controls depending on the alleles tested ( Fig. 5d and Supplementary  Fig. 6D ). On Ecc15 infection, however, tkv and Mad mutant ISCs consistently generated bigger clones than wild-type controls (Fig. 5e , Supplementary Fig. 6D ), as observed in previous reports showing that TKV/MAD signalling limits ISC activity following injury 20 . Loss of sax or Smox suppressed ISC over-proliferation in tkv or Mad mutant clones ( Fig. 5e and Supplementary Fig. 6D ), further supporting the notion that SAX/SMOX signalling is an early event required to induce ISC proliferation, and TKV/MAD signalling is a late event, required to ensure recovery to stem cell quiescence once the tissue has been repaired.
We further found that the induction of ISC proliferation by constitutively active EGFR or HOP (hop TumL ) is significantly reduced on Smox knockdown (Supplementary Fig. 6F ). We did not observe enhanced haemocyte recruitment on constitutive expression of active EGFR in ISCs (Supplementary Fig. 6G ).
ISC response to DPP is determined by the relative expression of SAX and TKV receptors
The results described above are consistent with recent observations linking SAX to ISC proliferation, and TKV to quiescence [20] [21] [22] , and suggest a model in which the temporal separation of SAX-and TKVmediated signalling events dynamically controls ISC proliferation during a regenerative episode. To address how the same DPP ligand could activate two different signalling pathways eliciting opposite proliferative responses within the same stem cells, we assessed the expression of SAX and TKV in ISCs. We reasoned that the relative ; and each experiment is a representative of three (for b-d) or two (for e) independent experiments, P values from Student's t-test. One representative image from 10 flies is shown in a, and experiment was repeated 3 times independently.
expression of these two type I receptors in ISCs in the inductive and recovery phases might influence the response of ISCs to DPP. Indeed, SAX, but not TKV, protein was detected in ISCs under homeostatic conditions ( Fig. 6a and Supplementary Fig. 7A,B) . During Ecc15 infection, on the other hand, SAX expression did not change in ISCs, while TKV expression was low during the inductive phase, but was induced in ISCs at later stages of the regenerative response (Fig. 6b) . SMOX is mostly nuclear during the inductive phase, but translocates to the cytoplasm in the recovery phase, while TKV induction coincides with MAD phosphorylation at the later stage ( Fig. 6c and Supplementary Fig. 5C ). SAX knockdown in ISCs does not prevent the induction of TKV expression, indicating that DPP/SAX/SMOX signalling is not involved in TKV regulation (Supplementary Fig. 7C ).
When wild-type tkv was overexpressed in ISCs 6 h before the bacterial challenge, the induction of ISC proliferation was significantly reduced (Fig. 6d) , supporting the notion that the induction of TKV expression in the recovery phase switches the ISC response to DPP from inducing proliferation to re-establishing quiescence.
Haemocyte/ISC interactions in infection tolerance and epithelial homeostasis
To examine the physiological consequences of the identified haemocyte/ISC interaction, we assessed host survival in animals orally infected with PE (ref. 10) , an enteropathogen that induces tissue damage and strongly activates JAK/STAT signalling (Fig. 7b) . Flies lacking tissue regeneration rapidly succumbed to PE infection (Fig. 7a) , indicating that haemocyte-mediated tissue regeneration contributes to host survival.
In ageing flies, ISCs over-proliferate, causing intestinal dysplasia and contributing to the age-related increase in mortality 9, 48, 49 . The number of haemocytes attached to the gut in the absence of infection is higher in old than in young flies ( Supplementary Fig. 8A ), and haemocyte-derived DPP promotes higher Dad::nlsGFP expression in region c of the PM in ageing animals ( Fig. 7c and Supplementary  Fig. 8B ). Accordingly, an age-related increase in Smox nuclear localization, which correlates with increased ISC proliferation and dysplasia, is significantly reduced in HDD flies (Fig. 7d,e and Supplementary Figs 1H and 8C,D). These flies have significantly reduced intestinal dysplasia and improved barrier function at 40 days of age ( Fig. 7f and Supplementary Fig. 8D ), and overexpression of tkv in ISCs also reduces the age-related increase in ISC proliferation ( Supplementary Fig. 8E ). The loss of barrier function has been associated with age-related morbidity and mortality 50 , yet we did not observe a change in lifespan of HDD flies as compared to wild-type controls ( Supplementary Fig. 8E ). Haemoless flies are significantly short-lived, probably owing to the lack of the cellular immune response (Supplementary Fig. 8E ).
DISCUSSION
Our results extend the current model for the control of epithelial regeneration in the wake of acute infections in the Drosophila intestine (Fig. 8) . We propose that the control of ISC proliferation by haemocyte-derived DPP integrates with the previously described regulation of ISC proliferation by local signals from the epithelium and the visceral muscle, allowing precise temporal control of ISC proliferation in response to tissue damage, inflammation and infection.
The association of haemocytes with the intestine is extensive, and can be dynamically increased on infection or damage. In this respect, our observations parallel the invasion of subepithelial layers of the vertebrate intestine by blood cells that induce proliferative responses of crypt stem cells during infection 23 . A role for macrophages and myeloid cells in promoting tissue repair and regeneration has been described in adult salamanders 51 and in mammals 24, 25 , where TGFβ ligands secreted by these immune cells can inhibit ISC proliferation 52, 53 , but can also contribute to tumour progression 54 . Our results provide a conceptual framework for immune cell/stem cell interactions in these contexts.
Integration of DPP into the regenerative signalling network in flies
Our observation that DPP/SAX/SMOX signalling is required for UPD-induced proliferation of ISCs suggests that SAX/SMOX signalling cooperates with JAK/STAT and EGFR signalling in the induction of ISC proliferation. Accordingly, while constitutive activation of EGFR/RAS or JAK/STAT signalling in ISCs is sufficient to promote ISC proliferation cell autonomously, we find that this partially depends on Smox. Even in these gain-of-function conditions, ISC proliferation can thus be fully induced only in the presence of basal SMOX activity. As short-term overexpression of DPP in haemocytes does not induce ISC proliferation, we further propose that DPP/SAX/SMOX signalling can activate ISCs only when JAK/STAT and/or EGFR signalling are activated in parallel (Fig. 8) . However, long-term overexpression of DPP in haemocytes results in increased ISC proliferation, suggesting that chronic activation of immune cells disrupts normal signalling mechanisms and results in ISC activation even in the absence of tissue damage.
BMP signal transduction in ISCs
BMP TGFβ signalling pathways are critical for metazoan growth and development and have been well characterized in flies. Multiple ligands, receptors and transcription factors with highly contextdependent interactions and function have been described 46, [55] [56] [57] [58] [59] . This complexity is reflected by the sometimes conflicting studies exploring DPP/TKV/SAX signalling in the adult intestine [18] [19] [20] [21] . These studies consistently highlight two important aspects of BMP signalling in the adult Drosophila gut: ISCs can undergo opposite proliferative responses to BMP signals; and there are various sources of DPP that differentially influence ISC function in specific conditions. By characterizing the temporal regulation of BMP signalling activity in ISCs, our results resolve some of these conflicts: we propose that early in the regenerative response, haemocyte-derived DPP triggers ISC proliferation by activating SAX/SMOX signalling, and ISC quiescence is re-established by muscle-derived DPP as soon as TKV becomes expressed (Fig. 7) . Of note, some of the conflicting conclusions described in the literature may have originated from problems with the genetic tools used in some studies (see Methods). In our study, we have used two independent RNAi lines (BL25782 and BL33618) that effectively decrease dpp mRNA levels in haemocytes when expressed using Hml ::Gal4.
The close association of haemocytes with the type IV collagen Viking suggests that the stimulation of ISC proliferation by haemocyte-derived DPP may also be controlled at the level of ligand availability, as suggested previously for DPP from other sources 21, 60 . The regulation of SAX/SMOX signalling by DPP observed here is surprising, but consistent with earlier reports showing that SAX can respond to DPP in certain contexts 46, 56 . Biochemical studies have suggested that heterotetrameric complexes between the type II receptor PUNT and the type I receptors SAX and TKV can bind DPP, and complexes with TKV/TKV homodimers preferentially bind DPP, and complexes with SAX/SAX homodimers preferentially bind GBB (ref. 58). In the absence of TKV, SAX has been proposed to sequester GBB, shaping the GBB activity gradient, but to fail to signal effectively 46 . Expression of GBB in the midgut epithelium has recently been described, and ligand heterodimers between GBB and DPP are well established 21, 57 . Consistent with earlier reports 21, 22 , we find that GBB knockdown in ECs significantly reduces ISC proliferation in response to infection. Complex interactions between haemocyte-derived DPP, epithelial GBB, and ISC-expressed SAX, PUNT and TKV thus probably shape the response of ISCs to damage, and will be an interesting area of further study.
Similar complexities exist in the regulation of transcription factors by SAX and TKV. Canonically, SMOX is regulated by Activin ligands (Activin, Dawdle, Myoglianin and maybe more), and the type I receptor Baboon 55 . We have tested the role of Activin and Dawdle in ISC regulation, and, in contrast to DPP, were unable to detect a requirement for these factors in the induction of ISC proliferation after Ecc15 infection. Furthermore, our data establish a requirement for haemocyte-derived DPP as well as for SAX expression in ISCs in the nuclear translocation of SMOX after a challenge. Our study thus indicates that in this context, SAX responds to DPP and regulates SMOX. Regulation of SMOX by SAX has been described before 61 , yet SAX is also known to promote MAD phosphorylation, but only in the presence of TKV (ref. 46) . Consistent with such observations, we have detected MAD phosphorylation in ISCs only in the late recovery phase on bacterial infection, when TKV is simultaneously induced in ISCs. During this recovery phase, ISCs maintain high SAX expression, but SMOX nuclear localization is not detected anymore, suggesting that SAX cannot activate SMOX in the presence of TKV, and might actually divert signals towards MAD instead, as previously suggested 46 . Our data also suggest that Medea (the Drosophila SMAD4 homologue) is not required for SMOX activity. Although surprising, this observation is consistent with recent reports that SMAD proteins in mammals can translocate into the nucleus and activate target genes in a SMAD4-independent manner 62 . The specific signalling readouts in ISCs when these cells are exposed to various BMP ligands and are expressing different combinations of receptors are thus likely to be complex.
Haemocyte/ISC interactions, infection tolerance, and ageing
Our findings demonstrate that the control of ISC proliferation by haemocyte-derived DPP is critical for tolerance against enteropathogens, but contributes to ageing-associated epithelial dysfunction, highlighting the importance of tightly controlled interactions between blood cells and stem cells in this tissue. Nevertheless, where haemocytes themselves are required for normal lifespan, loss of haemocyte-derived DPP does not impact lifespan. One interpretation of this finding is that beneficial (improved gut homeostasis) and deleterious (for example, reduced immune competence of the gut epithelium) consequences of reduced haemocyte-derived DPP cancel each other out over the lifespan of the animal. It will be interesting to test this hypothesis in future studies. Ageing is associated with systemic inflammation, and a role for immune cells in promoting inflammation in ageing vertebrates has been proposed 63, 64 . In humans, recruitment of immune cells to the gut is required for proper stem cell proliferation in response to luminal microbes 23 , and prolonged inflammatory bowel disease further contributes to cancer development 65 . It is thus anticipated that conserved macrophage/stem cell interactions influence the aetiology and progression of such diseases. Our data confirm a role for haemocytes in age-related intestinal dysplasia in the fly intestine, and provide mechanistic insight into the causes for this deregulation. It can be anticipated that similar interactions between macrophages and intestinal stem cells may contribute to the development of IBDs, intestinal cancers, and general loss of homeostasis in the ageing human intestine.
METHODS
Methods and any associated references are available in the online version of the paper. Supplementary Fig. 3E ) yet do not inhibit ISC proliferation during stress when expressed by an EC-specific driver 21 ( Supplementary Fig. 3D ). Owing to their target specificity, we have used these two lines in our analyses.
M E T H O D S
METHODS
Selection of Dpp
Immunostaining and microscopy. Adult female Drosophila guts were dissected in 1× phosphate-buffered saline (PBS), fixed for 45 min at room temperature in fixative (100 mM glutamic acid, 25 mM KCl, 20 mM MgSO 4 , 4 mM sodium phosphate, 1 mM MgCl 2 , and 4% formaldehyde), washed for 1 h at 4 • C in washing buffer (×1 PBS, 0.5% bovine serum albumin and 0.1% Triton X-100), and then incubated in primary antibodies (4 • C overnight) and secondary antibodies (4 • C for 4 h or overnight) in washing buffer, between which was 1 h washing at 4 • C. Staining with pSMad3 antibody was performed using a phosphatase inhibitor (Roche, 4906837001) during fixation, 1 h wash, and primary antibody incubation following the same protocol above. Staining with Delta and FLAG antibodies was performed following the methanol-heptane fixation method described in ref. 18 .
To monitor dynamics of haemocyte attachment to the intestine, flies were held with thin entomological pins in Sylgard-coated small Petri dish and dissected directly into fixation solution (100 mM glutamic acid, 25 mM KCl, 20 mM MgSO 4 , 4 mM sodium phosphate, 1 mM MgCl 2 and 4% formaldehyde). Forceps were used to gently remove dorsal cuticle to expose the body cavity to fixative for at least one hour. Observations were then made either directly under fluorescent microscope or opened animals were incubated in a described staining solution. Animals were finally washed 3× and guts were carefully removed, preserving all tissues attached to the gut, and mounted to perform confocal microscopy. To examine the morphology of circulating haemocytes ( Supplementary Fig. 2D ), haemolymph was collected in PBS (as described below) from 20 flies and transferred to glass slides. Haemocytes were then allowed to settle for 30 min at room temperature followed by fixation for 15 min and subsequent incubation in phalloidin solution overnight at 4 • C.
Primary antibodies and dilution: rabbit anti-pSMad3 (Epitomics, 1:300), rabbit anti-β-galactosidase (Cappel, 1:5,000), rabbit anti-GFP (Invitrogen, 1:500), rabbit anti-phospho-Histone H3 Ser 10 (Upstate, 1:1,000), mouse anti-Prospero (Developmental Studies Hybridoma Bank, DSHB, 1:250), mouse monoclonal antiCut (DSHB, 1:100), mouse anti-Armadillo (DSHB, 1:100), rabbit anti-Sax (abcam, ab42105, 1:200), rabbit anti-FLAG (Sigma, 1:300), rat anti-Delta (gift from M. Rand, University of Vermont, USA, 1:1,000), mouse anti-NimC1 (gift from I. Andó, Hungarian Academy of Sciences, Hungary, 1:30; ref. 31 ) and rabbit anti-Tkv (gift from M. Gonzalez-Gaitan, University of Geneva, Switzerland, 1:100). Fluorescent secondary antibodies were from Jackson Immunoresearch. DAPI was used to stain DNA and phalloidin (Invitrogen) to stain actin. The images of whole flies were taken on a Zeiss dissecting fluorescent microscope, and all other images were taken on a Zeiss LSM 700 confocal microscope and processed using Adobe Photoshop, Illustrator and Image J.
Conditional expression of UAS-linked transgenes.
The TARGET system was used in combination with the indicated Gal4 driver to conditionally express UASlinked transgenes 69 . Flies were developed at 18 • C, and then shifted to 29 • C to induce transgene expression. For GeneSwitch drivers, flies were developed on normal food at 25 • C and 2-5-day-old adults were transferred to mifepristone (RU486)-containing food for 2 days before performing experiments.
Bacterial infection, Paraquat treatment and feeding assays. Previously described procedures 10, 13, 15 were followed for oral bacterial challenge. Briefly, the bacterial strains, Ecc15 or Pseudomonas entomophila (PE), were cultured in LB medium overnight at 30 • C. Flies were fed on 500 µl of concentrated bacteria in 5% sucrose (OD100) for the time indicated and the same volume of 5% sucrose as a control. To test feeding efficiency, 5% bromophenol blue was mixed in infection solution before flies were transferred to feed for 90 min. CAFÉ assay was performed as described previously 18 . For Paraquat exposure, flies were fed on either 5 mM Paraquat in 5% sucrose solution or only on 5% sucrose as a control, for an indicated time. In the case of each of the above treatments, flies were starved in empty vials for 2 h. For survival experiments, flies were either orally infected with PE for 2 days and shifted for another 2 days to a cocktail of antibiotics as described previously 10 , before starting to monitor the rate of fly survival (Fig. 7a) , or a tungsten needle was used to directly inject PE into fly haemolymph as described in ref. 28 , followed by monitoring their survival (Supplementary Fig. 1F ).
Haemolymph extraction and transfer. Haemolymph was extracted or re-injected into flies using NanojectII (Drummond). Transgene expression in donor flies was induced through the TARGET system by incubating approximately 9-dayold adult animals for 3 days at 29 • C. The maximum amount of haemolymph was then collected from both sides of the thorax of donor flies. Thin sterile glass capillaries were used with NanojectII apparatus that extracts the fly haemolymph primarily by capillary action, thus ensuring that only sterile and clean haemolymph containing circulating haemocytes was collected. Quantification (see below) shows that haemolymph collected from a single fly in this manner should contain about 85 haemocytes. The collected haemolymph was then quickly transferred into the recipients without exposing it to any external media. Two to three donor flies were used to transfer haemolymph into a single recipient fly of the same age (about 12 days old). Thus, in this way each recipient fly should receive at least 171-257 haemocytes (see below for calculations). Finally, the injected animals were allowed to recover overnight before Paraquat treatment or bacterial challenge for the described time period.
Haemocyte quantification. To quantify the number of haemocytes transferred from donor flies into the recipients, the maximum amount of haemolymph was collected from 5 wild-type hml ::Gal4,UAS::GFP adult flies of a given age by the method described above, and dissolved into 100 µl of PBS. The total number of retrievable circulating GFP-positive haemocytes was then manually counted using a fluorescent microscope after platting the solution on glass slides. As the number of haemocytes extracted from the haemolymph of 12-day-old flies was significantly higher, animals of this age were always used in haemolymph transfer experiments. A separate method was used to compare the number of haemocytes in 3-day-old wild-type and HDD flies, where haemolymph collected from only one side of the thorax cuticle of 20 flies was collected in 10 µl PBS and haemocyte quantification was performed using a haemocytometer (LifeTechnologies) following the manufacturer's recommendations.
LacZ clone and MARCM clone induction. LacZ-marked clones were generated in hsFlp; X.15.29/X.15.33 flies 38 combined with the indicated genotypes. Flies (2-3 days old) were heat-shocked for 45 min at 37 • C and kept at room temperature for 7 days before being dissected. For MARCM clone induction 34 , 2-3-day-old flies were heat-shocked for 45 min at 37 • C. The flies were either kept for 7 days at room temperature before dissection, or after 1 day subjected to bacterial infection for 24 h, and then kept for 3 days at room temperature before dissection.
Lifespan experiments.
Lifespan experiments were performed following a previously described procedure 49 . Briefly, the hml ::Gal4 driver was backcrossed 7 times with the wild-type flies (y 1 .w 1 ). The resulting hml ::Gal4/+ flies were then crossed either with wild-type (+/+) or UAS::Hid or UAS::DppRNAi (Bloomington Stock no. 33618; backcrossed four times with the wild-type) in separate bottles, each with at least 4 replicates. Progenies with different genotypes (as described in Supplementary Fig. 8F ) from each bottle were then split into two and transferred to separate rearing cages, with a maximum population density of 100 animals per cage. Thus, survival of each cohort of about 50-100 flies in a certain cage could directly be compared with the sister fly group that had developed together as larvae in the same bottle but had a different genotype. Fig. 3J ), or carcasses of 10 flies (Supplementary Fig. 3E ) was extracted using Trizol (Invitrogen). cDNA was synthesized using an oligo-dT primer. Real-time PCR was performed on a Bio-Rad CFX96 detection system. Relative expression was normalized to Actin5C or Rp49 (RpL32). Primer sequences: Actin5C (F), 5 -CTCGCCACTTGCGTTTACAGT-3 ; Actin5C (R), 5 -TCCATATCGTCCCAGTTGGTC-3 ; Rp49 (F), 5 -TCCTACCAG CTTCAAGATGAC-3 ; Rp49 (R), 5 -CACGTTGTGCACCAGGAACT-3 ; Dpp (F), 5 -CAGCACGCCTTCGGCACCTT-3 ; Dpp (R), 5 -GGCACTCGCTGTACGTGG ACTTCTC-3 ; Upd3 (F), 5 -ACAAGGCCAGGATCACCACCAAT-3 ; Upd3 (R), 5 -TGTACAGCAGGTTGGTCAGGTTGA-3 .
Statistical analyses. Animals of the same age and genotype that received diverse treatments in different experiments were indiscriminately selected in all experiments. No randomization was performed among differentially treated animals. To blind the investigators for allocation of treatments and the outcomes from experiments shown in Figs 1a-c, 3a- c,e, 5c and 7a,f and Supplementary Figs 3A, 4F, 6F and 8F genetically different cohorts were numerically or alphabetically marked at the time of parental crosses. Once a particular experiment was complete and required data had been collected blindly, the arbitrary marks were matched with parental genotypes to designate final results to actual genotypes of tested animals. For all other experiments, investigators were not blinded to allocation during experiment and outcome assessment. Sample size, mean, median, range, variation and number of replicates for individual experiments are described in the corresponding figure legends. No statistical method was used to predetermine sample size. Prism and MS Excel software were used for all statistical analyses. + dpp RNAi (33618) dpp RNAi (25782) how::G4 ts 
